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The study of the neutral current elastic scattering of neutrinos on protons at lower energies can be
used as a compelling probe to improve our knowledge of the strangeness of the proton. We consider a
neutrino beam generated from pion decay at rest, as provided by a cyclotron or a spallation neutron
source and a 1 kton scintillating detector with a potential similar to the Borexino detector. Despite
several backgrounds from solar and radioactive sources it is possible to estimate two optimal energy
windows for the analysis, one between 0.65− 1.1 MeV and another between 1.73− 2.2 MeV. The
expected number of neutral current events in these two regions, for an exposure of 1 year, is enough
to obtain an error on the strange axial-charge 10 times smaller than available at present.
PACS numbers: 25.30.Pt; neutrino scattering. 14.20.Dh; properties of protons.
Introduction: The neutrino-proton elastic scatter-
ing was proposed by Weinberg [1] as a tool to investigate
the neutral currents (NC). However, this reaction de-
pends upon ‘proton strangeness’–i.e., the strange-quark
contribution to the axial form-factor of the proton– a
quantity that at present is not reliably known. Sev-
eral theoretical [2] as well experimental investigations of
neutrino-proton elastic scattering [3–5] tried to probe this
quantity. The best experimental result [3] found a value
for the proton strangeness similar to the one predicted in
[2], but the 90% C.L. range is compatible with zero.
Proton strangeness matters in many contexts, e.g.: for
the measurement of supernova neutrinos [6], for the cou-
plings of certain dark matter candidates to nucleons [7],
for the polarized parton distribution functions, e.g., [8].
However, the flavor singlet term measured by deep inelas-
tic scattering of charged leptons includes an anomalous
gluonic contribution [9]; unless one postulates that this
contribution is zero [10], a considerable amount of addi-
tional labor is needed to extract proton strangeness [11].
By contrast, a measurement of elastic neutrino-proton
scattering probes this quantity directly. The low energy
regime of this reaction offers important advantages, as
we will discuss in the following. Until now, only the
LSND experiment exploited low energy neutrinos with
the aim to measure proton strangeness [12, 13]. How-
ever the cosmic-ray related background was too high and
made the result not competitive [4]. To overcome these
limitations, we need to go in an underground site and we
can exploit the recent developments of neutrino detec-
tors. The Borexino detector, in particular, has reached
an unprecedented low energy threshold for the detection
of solar neutrinos [14]. This implies the possibility to
use highly pure scintillation detectors to measure protons
with kinetic energies as low as 1.3 MeV. Thus, these tech-
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nological achievements pave the way for new approaches
to measure precisely the elastic scattering of neutrinos
onto protons.
We will consider an artificial neutrino beam produced
by pion decay at rest, as in the cyclotrons described in
the DAEδALUS proposal [15, 16] or in the SNS facility
[17] (recall that the neutrino spectra from pion decay are
very well known, and have already proved being useful for
measurements of other cross sections [18]). The events
are observed by a scintillation detector located at 100 m
from the source and hosted in an underground site to
have performances similar to Borexino [14]. We explore
the potential of this experimental setup and determine
which sensitivity can be reached with 1 kton×year of
exposure. We discuss the dependence of the sensitivity
on the experimental features, showing how to rescale our
findings for different configurations; i.e., by varying the
detector mass, the distance to the source, the time of
data taking, etc..
Advantages of Low Energies: The amplitude of
the NC transition ν(k)+p(p)→ ν(k′)+p(p′) is described
by a matrix element of current-current type:
M = −GF√
2
u¯′νγ
aPLuν u¯
′
pΓa(q)up (1)
where GF is the Fermi constant, PL ≡ (1− γ5)/2, u¯ and
u are the spinors of the outgoing and incoming particles,
respectively. The vertex of the hadronic current Γa(q) is,
Γa(q) = γaF1(Q
2) + i
σabq
b
2mp
F2(Q
2)− γaγ5GA(Q2) (2)
where q = p′−p is the transfered momentum, Q2 = −q2,
mp is the proton mass and σab = i[γa, γb]/2. The vec-
tor form factors F1,2(Q
2) can be obtained by applying
the conserved vector current hypothesis neglecting the
strange vector form factors [1]. The most important
quantity for us is the axial form factor GA(Q
2). This
can be connected to the analogous term in the charged
current interactions, but only up to the SU(2) isosinglet
term, due to the strange quark axial current. The effect
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2of this term has been described by the parameter η [3] :
GA(Q
2) =
gA(0)× (1 + η)
2 (1 +Q2/M2A)
2
(3)
where we adopt the customary dipole parameterization,
MA is the axial mass and gA(0) = 1.267.
Let us clarify the relation of η with a often used
quantity, ∆s. The axial part of the hadronic current
sums the contribution of all quarks,
∑
q q¯γ
µγ5q t3L(q),
where t3L(q) = ±1/2 [1]. Its matrix element on a pro-
ton state can be parameterized by the numbers ∆q, de-
fined by 〈p|q¯γaγ5q|p〉 ≡ u¯pγaγ5up · ∆q. Thus at tree
level GA(0) = ∆u/2 − ∆d/2 − ∆s/2, that agrees with
Eq. (3) setting gA(0) ≡ ∆u−∆d and η ≡ −∆s/gA(0); the
heavy quarks enter at higher orders and require to replace
∆s→ ∆s−P(∆u+ ∆d+ ∆s) [19] with P ∼ −0.02 [20].
In the rest of this work, the term ‘proton strangeness’
will always indicate η.
The BNL 734 experiment [3] obtained
η = 0.12± 0.07 (4)
that implies η = 0 − 0.25 at 90% C.L., compatible with
zero. Moreover, due to the use of neutrinos with energies
around 1 GeV, the experimental search for η at [3, 5]
were strongly entangled with the high Q2 behavior of
the axial form factor, that is to some extent uncertain.
Conversely, the impact of the ‘axial mass’ on the cross
section is greatly reduced if lower energies are considered.
This is illustrated in Fig. 1, where we discuss how the
cross section changes, by displaying the ratio:
R(Eν) = σνp(Eν)
′ + σν¯p(Eν)′
σνp(Eν) + σν¯p(Eν)
. (5)
In the denominator, we put the reference cross section of
[3] (downloadable at [21]) with η = 0 and MA = 1.032
GeV. In the numerator we modified it as follows: 1) In the
dotted curve, we omit the vector current contribution;
at low energies, the cross sections does not change and
R → 1. Note that F1(0) = 1/2 − 2 sin2 θW ≈ 0.04, see
also [6]. 2) In the dashed curve, we set η = 0 and use
MA = 1.2 GeV; at GeV energies, this increases the axial
form factor, the cross section and thus R. 3) In the
continuous curve, we use the central value η = 0.12 of
Eq. (4) instead: The cross section and thus R increase
at all energies.
In short, if we measure an increase of interactions at
GeV energies, this can be attributed to a non-zero η
or to a larger value of MA, see also [3]. Instead, for
E < few 100 MeV the cross section varies only with the
axial form factor and more precisely with GA(0): thus, a
precise measurement of the cross section probes η.
Observable Spectra in Ultra-pure Scintillators:
Let us consider an intense beam of neutrinos produced
from pion decay at rest according to the usual decay
chains pi+ → µ+ + νµ → e+ + νe + ν¯µ + νµ. The en-
ergy spectra of these neutrinos are very well-known and
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FIG. 1. Variation of R(Eν) with the neutrino/antineutrino
energy Eν . The black solid line corresponds to η = 0.12,
while in the red dashed and brown dotted lines η = 0. The red
dashed line represents the effect of a relatively higher axial
mass MA = 1.2 GeV in the numerator of Eq.5.
include a monochromatic line for the muonic neutrinos at
(m2pi−m2µ)/2mpi = 29.8 MeV and two continuous spectra
with energy between 0 < Eν < (m
2
µ −m2e)/2mµ = 52.8
MeV. We assume Npi+ = 4.9 × 1022 pions/yr and thus,
the same number of νe, νµ and ν¯µ. Such a pion produc-
tion rate can be provided, for example, by a cyclotron
with 800 MeV kinetic energy of protons and with a peak
power of 1 MW [15].
We calculate the NC interactions of these νe, νµ and
ν¯µ with the protons of a ultra-pure scintillation detector
of mass 1 kton located at a distance of 100 meters and
with the low energy performances as of Borexino detector
[14]. The expected distribution of the elastic scattering
events, ν(ν¯) + p→ ν(ν¯) + p, in the kinetic energy of the
final state proton Tp ≡ E′p −mp can be written as
dN
dTp
= Np
∫
Emin
dEν
[
dσν
dTp
(Eν , Tp) Φν(Eν) + (ν → ν¯)
]
(6)
where Np is the number of protons in the scintillator,
σν,ν¯ are the cross sections and Φν and Φν¯ are the total
neutrino and antineutrino fluences (i.e., time integrated
fluxes) differential in the neutrino energy Eν . We as-
sume the chemical composition of Borexino, C9H12; thus
the number of protons in 1 kton is Np = 6.02 × 1031
(this increases only by 20% for the composition of LENA,
C6H5CnH2n+1 with n = 12 [22]).
The proton kinetic energy Tp and the minimum energy
of the neutrino in the initial state are related as:
Emin =
1
2
[
Tp +
√
(2mp + Tp)Tp
]
. (7)
The proton kinetic energy has to be converted into an
‘equivalent’ detectable electron energy Ed, the part of
Tp that goes into scintillation light. This can be mea-
sured and parameterized [23] and we adopt this proce-
dure. Alternatively, one can use the empirical Birks’
formula Ed =
∫ Tp
0
dE/(1 + kB (dE/dx)) [24, 25], where
dE/dx is the stopping power of the proton, that depends
on the chemical composition of the detector. In our case,
the value kB ≈ 0.011 cm/MeV is consistent with [23] and
agrees with [26].
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FIG. 2. Expected event distribution in the detectable energy
Ed in 1 kton of scintillator as Borexino. The thick solid and
dotted black lines show the event spectrum for neutral cur-
rent elastic interactions of neutrinos and antineutrinos with
protons. The dashed blue line represents the cosmogenic 11C
background. The magenta, pink, gray and black solid lines
represent 8B, CNO, 7Be and PeP solar neutrino spectrum.
The purple, red and green dashed lines represent the back-
grounds due to 210Po, 210Bi and 85Kr, respectively [27].
For the purpose of the analysis we use a Gaussian en-
ergy resolution σ(Ed) = 50 keV
√
Ed/MeV similar to
Borexino [14]. Therefore, the detection energy threshold
Ethd = 0.25 MeV of Borexino corresponds to a proton ki-
netic energy threshold of about 1.3 MeV. From Eq. (7),
we see that we are sensitive to the highest part of the
neutrino energy spectra, Eν ≥ 25 MeV.
The differential spectrum dN/dEd expected for 1 year
of exposure is shown in Fig. 2. The signal due to NC νp
interactions is plotted using three black thick lines. They
represent the events expected assuming η = 0.0, 0.12
(best fit of [3]) and 0.25. From Fig. 2 we see that the
energy window of interest for the detection of the elastic
scattering interactions is Ed = (0.25 − 2.2) MeV. The
number of signal events expected in this energy window
and for one year of exposure is considerable
strangeness η 0.00 0.12 0.25
signal events 0.89 · 105 1.14 · 105 1.41 · 105
However, the same energy window will also contain
several solar as well as radioactive background events.
In particular solar neutrino events from 7Be, CNO, PeP
and 8B are not negligible; we expect about 28.6, 3.0, 2.1
and 0.5 counts per day (cpd) in each 100 tons of scintil-
lator respectively. Moreover, the backgrounds due to ra-
dioactive sources as 210Po, 210Bi and 85Kr, as well as the
cosmogenic 11C have to be considered. We assume that
each 100 tons of scintillator yield 103 cpd from 210Po,
25 cpd from both 85Kr and 11C as reported in [27]. For
the 210Bi we consider 15 cpd consistent with the present
Borexino level [28]. The spectra for these backgrounds
are displayed in Fig. 2.
Note incidentally that the Borexino detector is still im-
proving on the background, and in the most recent runs,
the 210Po contaminant has already been halved and the
85Kr decreased more than three times [28]. The contri-
bution of the 11C is particularly critical for our purposes,
and depends strongly on the depth of the underground
site of the detector [29]. The value of this cosmogenic
component is estimated to be 3 times smaller in LENA
[22] and much less in SNO+ [30]. However, in the present
study we will adopt the conservative background levels
discussed above.
Several meters of rock will moderate the fast neutrons
that are subsequently absorbed [31]. The irreducible
background is due to the neutrinos from the cyclotron. In
the region between (0.25−2.2) MeV and for each 100 tons
of scintillator, we expect 0.12 cpd due to elastic scatter-
ing on electrons, 0.1 cpd due ν+12C → ν+p+11B, 0.5 cpd
due to neutron capture following ν+12C → ν+n+11C, 0.5
cpd due to the protons related to νe+
12C → p+e−+11C
[32]. All these count rates are at most at the level of
8B background (magenta line in Fig.2). Two of these
reactions end with 11C nuclei. The related increase of
the cosmogenic component amounts to 2.5 cpd per 100
ton. Thus, these irreducible background processes have
a minor role and can be safely neglected.
Sensitivity to proton strangeness η: From Fig. 2,
it is evident that background sources can pollute the ex-
traction of the signal. However, following [33], we pro-
ceed to extract the signal from the total number of ob-
served events, measuring the background events and sub-
tracting them.
If we collect N = S +B events in a time T and N0 =
B ·T0/T events in a time T0, when the signal is absent, we
expect S = N−N0 ·T/T0 signal events. Since both N and
N0 are subject to Poissonian fluctuations, the fractional
uncertainty caused by the statistical effects is given by:
∆S
S
=
√√√√1 + BS (1 + TT0)
S
(8)
If observations are binned in energy, we define 2/∆S2 ≡
∂2(χ2)/∂S2 using χ2 = (Si − S¯i)2/∆S2i and Si = Sρi,
with
∑
i ρi = 1. In the minimum of the χ
2, Si =
S¯i,
∆S
S =
{∑n
i=1 Si/
[
1 + BiSi
(
1 + TT0
)]}−1/2
. This is
smaller than Eq. (8) where we set S =
∑
i Si and
B =
∑
iBi, unless the signal and the background have
the same shape. For constant background-signal ratio,
Bi/Si =constant, both the results coincide.
From Fig. 2 it is evident that there are two compara-
tively clean energy windows to extract the signal, one be-
tween (0.65−1.1) MeV and another between (1.73−2.2)
MeV respectively. Using T = T0 =1 year, we expect
S1 = 28900 and B1 = 37200 events from the first energy
window and S2 = 1900 and B2 = 2400 events from the
latter one. Since we have B1/S1 ' B2/S2 we can use
Eq. (8) obtaining ∆S/S = 1.1 %, dominated by the data
in the first energy window. If we consider that for a typi-
4cal pulsed signal [15], T0 is 4 times larger than T = 1, the
error decreases to ∆S/S = 0.9%; a similar improvement
is obtained if we measure the background over the range
0.65 < Ed < 2.5 MeV, increasing the statistic and thus
reducing its error.
The NC cross section σ at low energy (and therefore
the signal event rate S) is dominated by the axial form
factor, scaling as (1 + η)2, as is clear from Eq. (3). So we
can relate the signal sensitivity to the one on η through
δS = ∆σ/σ = 2∆η/(1+η). This means that the sensitiv-
ity ∆S/S = 1.1% on the NC signal implies that proton
strangeness can be measured with an absolute error of
∆η = 6 · 10−3 for η = 0.12 (similar in size to the heavy
quark corrections [19]) i.e., a 5% fractional uncertainty.
For all values of η in the allowed experimental range, the
error is more than 10 times smaller than Eq. (4).
Finally, we show how to attain the same sensitivity
with different experimental parameters. Let us write the
uncertainty in η as follows,
∆η =
1 + η
2
√√√√1 + 1ϕ BS (1 + τ TT0)
εϕS
(9)
Here ε = (M ′/M)(T ′/T ) rescales the exposure, propor-
tional to the mass M ′ and to the time of data taking
T ′; τ = (T ′/T ′0)/(T/T0) rescales the fraction of data tak-
ing time that includes the signal; ϕ = (P ′/P )(D/D′)2
rescales the flux, accounting for the new power P ′ and the
new distance D′. Let us adopt the operational param-
eters of [15], i.e., assume a distance from the cyclotron
of D′ = 700 m, a power increased by a factor of 5 and
T ′ = T ′0/4 = 1 year. The flux (and the signal) decreases
by one order of magnitude, for it increases with the power
but decreases as the distance squared. In order to com-
pensate for this, we need a larger exposure. E.g., with a
mass of 50 kton as in the LENA proposal [22] we obtain
again ∆S/S = 1.1 % after 1 year. Note that the selection
of the optimal distance between source and detector will
require to minimize the beam related backgrounds.
Summary: In this work, we explored the possibil-
ity to study proton strangeness using low energy neu-
trinos. We discussed the potential of exploiting a syn-
ergy between artificial neutrino beams from pion decay
and ultra-pure scintillating detectors. Incidentally, such
complex will allow us to quantify precisely the response
of underground neutrino detectors, to search for sterile
neutrinos and to investigate many more issues.
We showed that, by using reasonable assumptions on
the experimental parameters, it is possible to identify two
energy windows that allow to measure many tens of thou-
sand of signal events. They imply a statistical error on
proton strangeness one order of magnitude smaller than
obtained by BNL 734, Eq. (4). It is important to em-
phasize that the signal we discussed should be collected
above 0.6 MeV, and thus, it does not require the extreme
low energy threshold reached by Borexino detector.
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